It has long been suspected that maize is the product of an historical tetraploid event. Several observations support this possibility, including the fact that the maize genome contains duplicated chromosomal segments with colinear gene arrangements. Some of the genes from these duplicated segments have been sequenced. In this study, we examine the pattern of sequence divergence among 14 pairs of duplicated genes. We compare the pattern of divergence to patterns predicted by four models of the evolution of the maize genome-autotetraploidy, genomic allotetraploidy, segmental allotetraploidy, and multiple segmental duplications. Our analyses indicate that coalescent times for duplicated sequences fall into two distinct groups, corresponding to roughly 20.5 and 11.4 million years. This observation strongly discounts the possibility that the maize genome is the product of a genomic allotetraploid event, and it is also difficult to reconcile with either autotetraploidy or multiple independent segmental duplications. However, the presence of two (and only two) coalescent times is predicted by the segmental allotetraploid model. If the maize genome is the product of a segmental allotetraploid event, as these data suggest, then its two diploid progenitors diverged roughly 20.5 million years ago (Mya), and the allotetraploid event probably occurred approximately 11.4 Mya. Comparison of maize and sorghum sequences suggests that one of the two ancestral diploids shares a more recent common ancestor with sorghum than it does with the other ancestral diploid.
Because of its economic importance, maize (Zea mays ssp. mays) has long been a focus of genetic and evolutionary analyses. Yet, many aspects of the evolutionary genetics of maize remain a mystery. One such mystery surrounds the origin of the maize genome. Maize belongs to the grass tribe Andropogoneae, which has a haploid or base chromosome number of 5 (1) . However, maize and some other members of the Andropogoneae, including sorghum (Sorghum bicolor), have 10 haploid chromosomes (2) (3) (4) .
The presence of twice the Andropogoneae base chromosome number in maize has prompted several researchers to speculate that maize is of tetraploid origin (2) . Some empirical evidence is consistent with this view. For example, it has long been known that the maize genome contains duplicated genes (4), and both isozyme (5) and restriction fragment length polymorphism (RFLP) (6) analyses have demonstrated that the maize genome contains duplicated chromosomal segments with colinear gene arrangements. Although these observations are consistent with the hypothesis of a tetraploid origin, maize is clearly not a tetraploid. Both cytological (7) and RFLP (6) data indicate that the genome does not contain five homeologous chromosome pairs. If maize is the product of an ancient tetraploid event, then the maize genome has since undergone extensive repatterning (6) .
As an alternative to ancient tetraploidy, it has been postulated that duplications in the maize genome were produced by multiple independent segmental duplications, whereby chromosomal regions duplicate without changes in ploidy (4) (5) (6) 8) . This model has been considered less likely because it does not readily account for the doubling of haploid chromosome number in maize (n ϭ 10) relative to the base number (n ϭ 5) for the Andropogoneae.
Sequence data are now available from many of the loci that have been duplicated in maize. The pattern of sequence divergence among these duplicated loci may provide insights into the mode of maize sequence duplication. In this study, we examine four potential models of the evolution of the maize genome, use these models to generate predictions about patterns of sequence coalescence at duplicated loci, and test the predictions with sequence data from duplicated loci.
MODELS AND PREDICTIONS
Duplication in the maize genome could be the result of either segmental duplication or one of several possible modes of tetraploid formation. Each mode of tetraploid formation leads to a different pattern of coalescence between sequences from duplicated loci. Here we consider three known forms (models) of tetraploid formation-autopolyploidy, genomic allopolyploidy, and segmental allopolyploidy-together with segmental duplication.
Autotetraploids, which can result from somatic doubling or the fusion of unreduced gametes within a diploid species, possess four sets of homologous chromosomes. Before the time of chromosome doubling, there is relatively little divergence among alleles at most loci because genetic drift and directional selection limit divergence among alleles. After autotetraploid formation, individual loci exhibit tetrasomic inheritance. During the period of tetrasomic inheritance, each locus contains four alleles, and genetic drift and selection continue to limit diversification among alleles. With the shift from tetrasomic inheritance to disomic inheritance, the single locus becomes two separate but duplicated loci, and sequences from these duplicated loci begin to diverge. Extant sequences sampled from these duplicated loci will have a coalescent time that reflects roughly the time of onset of disomic inheritance. The switch from tetrasomic to disomic inheritance is the key variable in this model. If the switch is coordinated among chromosomes, then all pairs of duplicated sequences are expected to coalesce at roughly the same time (Fig. 1, column A) . If the switch from tetrasomic to disomic inheritance is not well coordinated among chromosomes, then coalescent times could be scattered over a broad range.
Allotetraploids typically arise from interspecific hybridization, so that the four chromosome sets of a tetraploid are of two distinct types. ''Genomic'' allotetraploids exhibit bivalent formation and disomic inheritance (9) . With exclusive disomic inheritance, homologous loci from the two ancestral species remain distinct. Sequences from ''duplicated'' loci have a coalescent time that corresponds to the date of the divergence of the two ancestral diploid species (Fig. 1, column B) . The species' divergence time predates tetraploid formation.
''Segmental'' allotetraploids arise from the hybridization of species with only partially differentiated chromosome sets (9) . They thus exhibit a mixture of bivalent and tetravalent formation during meiosis. Chromosomal pairs that undergo only bivalent formation contain sequences whose coalescence corresponds to the time of the divergence of the ancestral species (e.g., Fig. 1 , column B). Genes located on chromosomes that exhibit tetrasomic inheritance have two possibilities. At tetraploid formation, each tetrasomic locus has four alleles: two from parental species A and two from parental species B, i.e., its genotype is aabb. During the period of tetrasomic inheritance, genetic drift (or selection) could bring the allele(s) of one parent to fixation (aaaa or bbbb), or the locus could remain heterozygous for alleles from both parents (aaab, aabb, or abbb). With the shift to disomic inheritance, the tetrasomic locus becomes two distinct (duplicated) loci. Sequences sampled from duplicated loci that have experienced a period of tetrasomic inheritance can exhibit two distinct coalescent times. If the duplicated loci become fixed for alleles from the same parental species, then the coalescent time of the sequences reflects the time of onset of disomic inheritance (e.g., Fig. 1, column A) . Alternatively, if the duplicated loci become fixed for alleles from different parents, then the coalescent time reflects the time of divergence between species A and species B (e.g., Fig. 1, column B) . Taken over numerous pairs of duplicated loci, this model predicts a bimodal distribution of coalescent times, with the older coalescent times reflecting the time of species divergence and the more recent coalescent times reflecting the switch from tetrasomic to disomic inheritance (Fig.  1, column C) .
An important corollary prediction of the segmental allotetraploid model is that two pairs of duplicated loci can exhibit bimodality of coalescent times, even if they are located on the same chromosome. In the absence of selection, fixation of ancestral parental alleles at a tetrasomic locus is a function of genetic drift. This random process can result in the fixation of alleles from one parent at one tetrasomic locus, whereas a linked tetrasomic locus can remain heterozygous for alleles from both parents. When disomy ensues, the two linked duplicates will exhibit different coalescent times, despite their location on the same chromosome.
Finally, the model of segmental duplication posits that numerous independent events led to the duplication of loci in the maize genome. This model predicts that all loci within a single duplicated chromosomal region diverged at the same time, and this model also predicts that loci on different duplicated chromosomal segments did not necessarily duplicate at the same time (Fig. 1, column D) . In other words, the coalescent time of sequences should be related to chromosomal position, such that sequences from duplicated loci on the same chromosomal pairs have similar coalescent times, but sequences from duplicated loci on different chromosome pairs have different coalescent times.
MATERIALS AND METHODS
Data. Because we wished to examine loci that have been duplicated by chromosomal rearrangement, we tried to exclude loci duplicated by other means. For example, we did not include data from multigene families because plant multigene families undergo dynamic fluctuations in copy number (10) (11) (12) that appear to be largely independent of large chromosomal rearrangements. We also did not include highly diverged duplicate loci (e.g., Adh1 and Adh2, which duplicated before the divergence of the grass family; unpublished data) because this study focuses on relatively recent duplication events.
The duplicated sequences and outgroup sequences used in this study are presented in Table 1 . Some of the maize loci have been mapped to a chromosomal location ( Table 1 ). All of the duplicate sequences that have been mapped are found on chromosomal pairs that are known to contain duplicated segments (6) . We used sequences from maize (GenBank accession nos. X16084, X03935, and X02913), sorghum (GenBank accession nos. M31965 and U23945) and Pennisetum (GenBank accession no. X16547) for interspecific comparisons.
Only exon sequences were aligned. For alignments, amino acid sequences were inferred from nucleotide sequences, and amino acid sequences were aligned manually. Some alignments include outgroup sequences, which were identified by BLAST searches of GenBank. The length of each alignment is given (Tables 2 and 3 ). In some cases, the length of an alignment changed with the inclusion of an outgroup, either because the outgroup sequence was incomplete or because the outgroup was difficult to align.
Analyses. Pairwise distances were based on the method of Nei and Gojobori (14) . This method estimates synonymous and nonsynonymous substitutions separately and reasonably accurately (15) . For relative rate tests, we employed the method of Muse and Gaut (16) , which tests for both synonymous and nonsynonymous rate heterogeneity between evolutionary lineages.
Homogeneity of distance estimates was tested by a 2 test that incorporates variance information. The 2 statistic takes the form 
RESULTS

Pairwise Distance Estimates Among Pairs of Duplicated
Loci. Synonymous and nonsynonymous distances between sequences from duplicated loci are reported in Table 2 . Synonymous distance estimates vary among pairs of duplicated loci. For example, the pair with the highest distance between sequences (orp1:orp2) is nearly 3-fold more diverged than the pair with the smallest distance between them (pgpa1:pgpa2). The 2 homogeneity test over all synonymous distance estimates is highly significant, indicating that these distances are not estimates of a single underlying distance parameter (Table  2) . Pairwise nonsynonymous distances vary even more dramatically. The largest nonsynonymous distance estimate (r:b) is 10-fold greater than the smallest nonsynonymous distance estimate (tbp1:tbp2). Heterogeneity in nonsynonymous distance estimates is also highly significant ( Table 2) .
Estimates of synonymous distance between duplicated loci are represented graphically in Fig. 2 . Two groups of synonymous distance estimates do not have overlapping standard deviations. One group, which we will denote group A, consists of four relatively highly diverged duplicated sequence pairs: r:b, orp1:orp2, ant1:ant2, and ohp1:ohp2. Group B consists of the remaining 10 pairs of sequences, which are less highly diverged. We applied the 2 homogeneity test to each group to determine whether distance estimates are homogeneous within each of these two groups. The test was not significant for either group (group A, P ϭ 0.65; group B, P ϭ 0.08).
The mean distance of duplicated pairs in group A is 0.267 synonymous substitutions per site (sampling variance among distance estimates ϭ 6.21 ϫ 10 Ϫ4 ). The mean distance of group B pairs is 0.148 substitutions per synonymous site (sampling variance ϭ 9.02 ϫ 10 Ϫ4 ). A Student's t test indicates that the difference in the mean distance between group A and group B is highly significant (t ϭ 7.62, df ϭ 12, p ϭ 3.1 ϫ 10 Ϫ6 ). However, this is an a posteriori test, and the significance level of the t test must be corrected for the fact that our grouping of distance estimates is one combination out of 9,907 possible two-grouped combinations of 14 distance estimates. Accord- ingly, we adjusted the critical value of the t test with the Dunn-Sidak correction, which is conservative for nonindependent comparisons (17) . The Dunn-Sidak correction adjusts the a posteriori t test significance level to 5.2 ϫ 10 Ϫ6 (based on an experiment-wide significance level of 0.05), which is higher than the P level of the t test. Thus, the t test remains significant, indicating that the group A sequence pairs are significantly more diverged than the group B sequence pairs.
Alternatively, the distance measures in Fig. 2 could be organized to represent three groups. The three groups are group AЈ, which is defined to be the same as group A; group BЈ, which includes duplicates tbp1:tbp2, whp1:c2, cpna:cpnb, fer1:fer2, ibp1:ibp2, cdc2a:cdc2b, and c1:pl1; and group CЈ, which contains the three least diverged duplicates obf1:obf2, pgpa1:pgpa2, and vpl4a:vpl4b. Distances within these three groups are homogeneous by the 2 test criterion (data not shown). However, t test comparisons among these groups are not significant (A vs. BЈ, P ϭ 1.6 ϫ 10 Ϫ5 ; A vs. CЈ, P ϭ 4.4 ϫ 10 Ϫ5 ; BЈ vs. CЈ, P ϭ 5.8 ϫ 10 Ϫ5 ; the a posteriori significance level, based on an experiment-wide significance level of 0.05 and adjusted for all possible threegrouped combinations of 14 distance estimates, is 2.0 ϫ 10 Ϫ8 ). Thus, there is no statistical support for defining three groups, and there is evidence for two and only two homogeneous groups of synonymous distance estimates with these data.
Rates of Nucleotide Substitution. The predictions of the tetraploid and the segmental duplication models are formulated in terms of coalescent times (see above). We have shown that there are two distinct groups of sequence pairs-a more highly diverged group and a less highly diverged group-but we have yet to investigate the relationship between distance estimates and coalescent times. Comparing distances across loci is equivalent to comparing time across loci when the following two conditions hold: condition 1, duplicated sequences evolve with equal nucleotide substitution rates after duplication; condition 2, synonymous substitution rates are equal across pairs of duplicated sequences. In this section, we examine whether these two conditions hold.
To fully examine the two conditions, it is necessary to have at least one outgroup sequence for each pair of duplicated sequences. Unfortunately, the outgroup data are limited. We have found outgroup sequences for 8 of the 14 pairs of duplicated loci (Table 1) . Only 6 of these pairs share an outgroup sequence from the same taxon (rice).
Equality of synonymous substitution rates between duplicated sequences (condition 1) was examined by relative rate tests. We applied relative rate tests (16) to the 8 pairs of duplicated loci for which an outgroup is available (Table 3) . Some duplicated sequences have evolved at significantly different nonsynonymous substitution rates since the time of their duplication. For example, relative rate tests indicate that whp1 has evolved more rapidly than c2 at nonsynonymous sites. Similarly, obf2 has evolved more rapidly than obf1 at nonsynonymous sites. However, there is no evidence for synonymous rate variation between duplicated sequences, indicating that pairs of duplicated sequences have evolved at roughly similar synonymous rates since the time of their duplication.
One method to examine whether synonymous substitution rates vary across duplicate pairs (condition 2) is to compare k, the average number of synonymous substitutions from duplicated sequences to an outgroup sequence, among pairs. The parameter k is estimated by d 10 ϩ d 20 ͞2, where d 10 is the synonymous distance from one of a pair of duplicated maize sequences to the outgroup sequence, and d 20 is the synonymous distance from the second maize sequence in the duplicated pair to the outgroup.
We estimated k for those duplicate pairs for which a rice outgroup sequence is available (Fig. 3) . Two observations about k estimates should be noted. First, the k value for the r:b duplicate pair is quite high relative to other duplicate pairs. This high value could reflect rapid synonymous substitution rates at r:b loci, or it could indicate that the rice sequence is not strictly orthologous to the maize sequences. [The latter is distinctly possible, given that r:b genes exist as a multigene family in both rice (18) and Pennisetum (19) .] Second, k values are homogeneous for the remaining five loci ( 2 homogeneity, P ϭ 0.054). In this case, acceptance of the null hypothesis of homogeneity may merely reflect low statistical power with a sample size of five, but k is nearly identical for three duplicate pairs (ant1:ant2, c1:pl1, and cdc2a:cdc2b).
Nearly identical k values suggest that synonymous substitution rates are very similar among these three sequence pairs. Note that one of these three duplicate pairs (ant1:ant2) is in the more diverged set (group A) and that the other two duplicate pairs (c1:pl1 and cdc2a:cdc2b) are in the less diverged set (group B) ( Table 2 and Fig. 2) . Thus, divergence among duplicated sequences varies despite similar synonymous substitution rates. These results lead to two conclusions. First, there is no common time of duplication for these three pairs of duplicated sequences. Second, although the relationship between distance and divergence time may not be perfect (e.g., the r:b pair may have evolved with a more rapid synonymous substitution rate), many of the duplicate sequence pairs appear to be evolving at roughly similar synonymous substitution rates.
Dates and Systematic Placement of Duplication Events. There are two groups of duplicated sequence pairs-a more highly diverged group (group A) and a less highly diverged group (group B). If the two groups are the result of two distinct duplication events, it is of interest to know when these duplication events occurred, both in terms of time and in terms of the systematic history of the grass family.
One cannot estimate duplication times without assuming a rate of nucleotide substitution. The average synonymous substitution rate at the Adh1 and Adh2 loci of grasses has recently been estimated to be 6.5 ϫ 10 Ϫ9 substitutions per synonymous site per year (20) . We make the assumption that Adh substitution rates are representative of synonymous substitution rates for duplicated sequence pairs. Given this rate, sequences in group A duplicated approximately 20.5 Mya [i.e., 0.267͞ (2)6.5 ϫ 10 Ϫ9 ], and pairs of duplicated sequences in group B diverged approximately 11.4 Mya (Fig. 2) .
It is of interest to explore how duplication events within maize are related to the time of divergence of maize and sorghum sequences. Fig. 2 shows the average distance between maize and sorghum sequences based on two genes, mdh and waxy. Remarkably, the maize and sorghum pairwise distances fall between the group A distances and the group B distances. This result suggests that the coalescent time of group A sequences is greater than the divergence time between the sorghum and maize sequences and, therefore, implies that the sorghum genome is more closely related to one of the two 20.5-million-year-old maize subgenomes than it is to the other subgenome. Fig. 2 also provides a distance estimate between a maize and a Pennisetum Adh1 sequence.
[Pennisetum and maize are members of the same grass subfamily, but Pennisetum is not in the tribe Andropogoneae (21) .] The distance between maize and Pennisetum sequences is greater than the distance between any two maize duplicated sequences, suggesting that the coalescence of maize duplicated sequences is more recent than the divergence between maize and Pennisetum.
DISCUSSION
Assumptions of Distance Analyses. Before the significance of our results can be explored fully, it is important to discuss the methods and assumptions of analyses. The data were chosen with the assumption that they reflect adequately the process of genomic duplication in maize since the origin of the Andropogoneae. Maize contains a great many other duplicated sequences, but they do not fall within the framework of our study. For example, some maize duplicate pairs like Adh1:Adh2, Zag1:Zmm2, and Pyrde1:Pyrde2 appear to have diverged before the divergence of rice and maize, Ϸ50 Mya (22; data not shown). Multigene families like Sod and Cab contain elements that diverged recently and other elements that diverged early in the history of the grass family (data not shown). Clearly, gene duplication is an active process in maize; this study was designed to illuminate only the pattern of relatively recent chromosomal duplications.
We have focused on synonymous distances rather than nonsynonymous distances, for three reasons. First, nonsynonymous rates have long been known to show more variation among genes than synonymous rates (23, 24) ; this is seen in the duplicate data ( Table 2) . For this study, it is important that variation in rates among genes is minimized, and we accordingly focused on synonymous substitutions. Second, nonsynonymous rates are expected to deviate from clock-like behavior after gene duplication (25, 26) , whereas synonymous rates are not necessarily expected to vary between the two duplicates (20) . Some of the relative rate tests in this study reveal differences in nonsynonymous rates between duplicated sequences, making nonsynonymous rates unreliable for estimating coalescent times. Third, there are no easily discernible groupings of nonsynonymous distances among pairs of duplicated sequences (Table 2) , suggesting that nonsynonymous rates are not informative for investigating the timing of duplication events.
The analysis of sequence data suggests that duplicated loci belong to two different groups that diverged roughly 20.5 and 11.4 Mya. The reliability of these time estimates depends both upon the substitution rate, which we have assumed to be 6.5 ϫ 10 Ϫ9 substitutions per synonymous site per year (20) , and upon the two conditions discussed above, i.e., the amount of substitution rate variation between duplicated sequences and the amount of substitution rate variation among pairs of duplicated sequences. Our analyses suggest that the former factor is unlikely to contribute much uncertainty to our coalescent time estimates, but the latter may be a source of error.
We also made simplifying assumptions regarding the process of random genetic drift in the formulation of ploidy models. Random genetic drift contributes to variance in genetic diversity among loci. The amount of genetic diversity at a locus at the time of a chromosomal duplication will ultimately affect the inference of coalescent times. For example, some Adh1 allelic lineages in maize have existed for Ϸ2.0 Mya (27) . If these allelic lineages were involved in the process of gene duplication at time x Mya, we would overestimate the divergence time between loci as x ϩ 2 Mya. Although it is not strictly correct to ignore drift in our models, the scale of variation in coalescent times contributed by drift is expected to be much smaller than the scale of coalescent time variation seen between group A and group B duplicate pairs (Fig. 2) . However, the scale of genetic drift is probably such that it contributes to stochastic variation among within-group distance estimates.
Support for the Segmental Allotetraploid Model. Statistical analyses indicate that there are two different groups of dis- tance estimates. This result is inconsistent with a single divergence time for all duplicate sequence pairs. To see this crucial point, imagine either an autopolyploid or a genomic allotetraploid event in which all loci were duplicated at roughly the same time. To get two groups of distance estimates, one must postulate that the loci have evolved with two (and only two) distinct synonymous substitution rates since the ploidy event. Although several studies have found evidence of synonymous rate variation among loci (28, 29) , there is no precedence demonstrating two (and only two) different substitution rates. Our results strongly discount models of genome evolution that predict a single coalescent time among pairs of duplicated loci.
Of the models we have considered, only one-segmental allotetraploidy-is consistent with two distinct coalescent times, and the data provide compelling evidence for two distinct coalescent times. We see no plausible way to modify the genomic allotetraploid model to accommodate the data. Under the autotetraploid model, one could argue that after tetraploid formation there was an initial switch to disomy for one set of loci, then an extended time period during which inheritance patterns remained unchanged, and finally a period in which all remaining tetrasomic loci switched to disomy. However, there are no known genetic mechanisms that predict this pattern, and this scenario is less parsimonious than the segmental allotetraploid model. Similarly, one could construe the segmental duplication model such that there was an initial period during which one set of chromosome segments was duplicated, then an extended period without further duplication, followed by second round of segmental duplications. However, this model is also unparsimonious, lacks a known underlying genetic mechanism, and does not adequately explain a doubling of chromosome number in maize relative to the base number of the Andropogoneae.
The relationship of coalescent time with the physical location of duplicated loci also supports the segmental allotetraploid hypothesis. A corollary prediction of the segmental allotetraploid model is that pairs of duplicate loci on the same chromosomes can have different coalescent times. This is the case with these data. For example, three pairs of duplicated loci (ohp1:ohp2, tbp1:tbp2, and vpl4a:vpl4b) are located on the long arm of chromosome 1 and the short arm of chromosome 5, and these pairs differ in their coalescent times (ohp1:ohp2 sequences are in the more highly diverged group and sequences from tbp1:tbp2 and vpl4a:vpl4b belong to the less diverged group). Conversely, the data indicate that sequences from duplicated loci on different chromosomal pairs have similar coalescent times. For example, group A contains sequence pairs from chromosomes 2 and 10, 4 and 10, and 1 and 5 (Table 1) , and group B also contains sequences from a wide array of chromosomal pairs, i.e., chromosomes 1 and 5, 6 and 9, and 2 and 4. Both group A and group B likely contain sequences from other chromosomes as well because some of the duplicate pairs in the study have not been mapped to a chromosomal location (Table 1) . These patterns are difficult to reconcile with the segmental duplication and the autotetraploid models.
Evolution of the Maize Genome. The pattern of divergence times among duplicated loci provides key insights into the timing and mode of evolution of the maize genome. First, under the segmental allotetraploid model (Fig. 1, column C) , the coalescent time for group A sequences represents the time of divergence of the two ancestral diploid (n ϭ 5) species. We estimate that the two ancestral species diverged roughly 20.5 Mya, a time more recent than the divergence of the maize and Pennisetum lineages (Fig. 2) . Second, the divergence time for maize-sorghum mdh and waxy sequences is approximately 16.5 Mya, i.e., more recent than the divergence of the two diploid progenitors of maize. This observation suggests that at least some elements of the sorghum genome share a more recent common ancestor with one of the two maize subgenomes than the two maize subgenomes share with each other. This suggestion can be tested once sequence data for sorghum genes corresponding to group A duplicated pairs are available. Third, under the segmental allotetraploid model, the coalescent time of 11.4 Mya for group B sequences represents both a minimal estimate of the time of interspecific hybridization and an estimate of the time of the onset of disomy. It should be noted that the group B sequences form a relatively tight group with no statistical evidence for heterogeneity (Fig. 2) . This may indicate that the maize genome switched from tetrasomic to disomic inheritance in a concerted fashion; rapid genomic evolution has been found with experimentally created polyploids (30) . Finally, of the 14 duplicated pairs analyzed, only 4 belong to the older of the two coalescent groups. This may indicate that either selection or drift acted to homogenize allelic diversity at tetrasomic loci such that there was preferential retention of the alleles of only one of the diploid parental species. Preferential elimination of one parental genome has been inferred for other polyploid species (30, 31) .
Polyploidy has been a potent force in plant evolution and the subject of intense interest over the past 60 years (32) . Many new insights into polyploid formation and subsequent genomic evolution are now being garnered from the application of modern molecular methods to this classical issue (30, 31) . With the advent of large scale genome projects, it is likely that extensive DNA sequence data will soon be available for maize and other cereal crops. In this environment, molecular sequence analyses can help resolve modes of polyploid formation and subsequent genome evolution.
